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SOME PHYSICS OF SMALL COLLISION SYSTEMS 1

In recent years, certain experimental results from small collision systems (e.g. 𝑝-𝑝, d-Au,
𝑝-Pb) at the RHIC and LHC have been reinterpreted as evidence for the formation, therein,
of a dense flowing medium (QGP) despite small collision volumes. Systems that had been
assigned as simple references (e.g., cold nuclear matter) for larger A-A collisions would then
no longer play that role. This article examines conventional interpretations of certain data
features in the context of a two-component (soft + hard) collision model. Specific topics include
centrality determination for 𝑝-Pb collisions, interpretation (or not) of nuclear modification
factors, significance of claims for strangeness enhancement, and interpretation of the “ridge”
in 𝑝-𝑝 collisions. For 𝑝-𝑝 and 𝑝-Pb data analysis results indicate that 𝑝-Pb collisions are simple
linear superpositions of 𝑝-N collisions, and N–N collisions within small systems generally
follow simple and consistent rules. However, there is more to be learned about “basic” QCD in
small systems with improved analysis methods.
K e yw o r d s: small collision systems, quark-gluon plasma, nuclear modification factors, two-
component collision model.

1. Introduction
This presentation addresses recent claims that a
quark-gluon plasma (QGP) is formed in smaller
collision systems (e.g., 𝑝-𝑝 and 𝑝-A) despite small
space-time volumes [1, 2]. Such claims are con-
trary to assumptions prior to RHIC operation
that small systems would provide control experi-
ments against which A-A results might be com-
pared to test claims of QGP formation for the
larger systems. In what follows, a two-component
(soft plus hard) model of hadron production in
high-energy collisions provides the basis for ex-
amining phenomena related to QGP claims. Issues
considered include (a) centrality determination for
𝑝-A collisions, (b) interpretation of so-called nu-
clear modification factors (NMFs), (c) strangeness
enhancement as a signal for QGP formation and
(d) the CMS ridge, a feature of 2D angular cor-
relations, as indicating “collectivity” (flow) in 𝑝-𝑝
collisions.
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2. TCM for (Multi)Strange Spectra
The two-component model (TCM) is derived empir-
ically from 𝑝𝑡 spectrum evolution with charge multi-
plicity 𝑛ch. The soft component represents projectile-
nucleon dissociation along the beam axis. The hard
component represents minimum-bias parton fragmen-
tation to jets.

As a preamble to defining a spectrum TCM A-
B collision centrality must be established such that
event charge density 𝜌0 is decomposed into soft and
hard components 𝜌0 ≡ 𝑛ch/Δ𝜂 = 𝜌𝑠 + 𝜌ℎ where
for an A-B collision system 𝜌𝑠 = (𝑁part/2)𝜌𝑠𝑁𝑁 and
𝜌ℎ = 𝑁bin𝜌ℎ𝑁𝑁 including participant nucleon 𝑁 pair
number and N-N binary collision number. For N-N bi-
nary collisions empirically-inferred relation 𝜌ℎ𝑁𝑁 ≈
≈ 𝛼𝜌2𝑠𝑁𝑁 is of fundamental importance.

Given a 𝑝𝑡 spectrum TCM for unidentified-hadron
spectra based on centrality determination [3,4] a cor-
responding TCM for identified hadrons may be gen-
erated by assuming that each hadron species 𝑖 com-
prises certain fractions of TCM soft and hard to-
tal particle densities 𝜌𝑠 and 𝜌ℎ denoted by 𝑧𝑠𝑖(𝑛𝑠)
and 𝑧ℎ𝑖(𝑛𝑠) so that 𝜌𝑠𝑖 = 𝑧𝑠𝑖(𝑛𝑠)𝜌𝑠 and 𝜌ℎ𝑖 =

1 This work is based on the results presented at the 2024 “New
Trends in High-Energy and Low-x Physics” Conference.
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Fig. 1. 𝑝𝑡 spectrum data (points) for strange hadrons from
5 TeV 𝑝-Pb collisions: Neutral kaons (a) and Lambdas from
Ref. [10] (b), Cascades (c) and Omegas from Ref. [11] (d). Solid
curves represent the TCM. Dashed curves represent TCM soft
components in the form 𝑧𝑠𝑖(𝑛𝑠)𝜌𝑠𝑆0(𝑝𝑡). The dotted curve in
(d) is the TCM hard component in the form 𝑧ℎ𝑖(𝑛𝑠)𝜌ℎ�̂�0(𝑝𝑡)

= 𝑧ℎ𝑖(𝑛𝑠)𝜌ℎ [5–8]. The PID spectrum TCM is then

𝜌0𝑖(𝑝𝑡, 𝑛𝑠) = 𝑆𝑖(𝑝𝑡) +𝐻𝑖(𝑝𝑡, 𝑛𝑠) ≈

≈ 𝜌𝑠𝑖𝑆0𝑖(𝑝𝑡) + 𝜌ℎ𝑖�̂�0𝑖(𝑝𝑡, 𝑛𝑠), (1)

where such factorization is a fundamental aspect
of the TCM. Unit-normal model functions 𝑆0𝑖(𝑚𝑡)
(soft) and �̂�0𝑖(𝑦𝑡) (hard) are defined as densities
on those argument variables where they have simple
functional forms and then transformed to 𝑝𝑡 via ap-
propriate Jacobians as necessary. The carets indicate
unit-normal functions. 𝑝-Pb spectra are plotted here
as densities on 𝑝𝑡 (as published) vs transverse rapid-
ity 𝑦𝑡 = ln[(𝑝𝑡 + 𝑚𝑡𝜋)/𝑚𝜋]. For convenience below
note that pion 𝑦𝑡 = 2 corresponds to 𝑝𝑡 ≈ 0.5 GeV/c,
𝑦𝑡 = 2.7 to 1 GeV/c, 𝑦𝑡 = 4 to 3.8 GeV/c and 𝑦𝑡 = 5
to 10 GeV/c. The spectrum analysis described here is
presented in greater detail in Ref. [9].

Figure 1 shows 𝑝𝑡 spectra (points) for (a) 𝐾0
S, (b)

Lambdas (c) Cascades and (d) Omegas from seven
event classes of 5 TeV 𝑝-Pb collisions. The 𝐾0

S spectra
extend down to zero 𝑝𝑡. The solid curves are the full
TCM, the dashed curves are fixed soft component

a b

c d
Fig. 2. 𝑝𝑡 spectrum data (points) for strange hadrons from 13
TeV 𝑝-𝑝 collisions: Neutral kaons (a), Lambdas (b), Cascades
(c) and Omegas from Ref. [14] (d). Solid curves represent the
PID spectrum TCM. Dash-dotted curves in (c) are TCM curves
reduced by 2/3. Dashed curves are the TCM soft component
in the form 𝑧𝑠𝑖(𝑛𝑠)𝜌𝑠𝑆0(𝑦𝑡). The dotted curve in (d) is the
TCM hard component in the form 𝑧ℎ𝑖(𝑛𝑠)𝜌ℎ�̂�0(𝑝𝑡)

𝑆0(𝑝𝑡) and the dotted curve is hard component �̂�0(𝑝𝑡)
for Omegas.

Figure 2 shows similar results from ten event classes
of 13 TeV 𝑝-𝑝 collisions. The published Cascade spec-
tra fall systematically below the TCM prediction
whereas published Cascade spectrum integrals are
consistent with the TCM. There is no such discrep-
ancy for 𝑝-Pb Cascades.

The TCM is an example of lossless data compres-
sion: many data values are reduced to a few parame-
ter values that nevertheless retain all significant infor-
mation carried by data in a physically-interpretable
form. Several particular instances of such compres-
sion are noted below.

3. 𝑝-Pb Centrality

A conventional approach to A-B centrality determi-
nation is based on classical Glauber simulations of
nuclear collisions. An example is Ref. [12] applied to
𝑝-Pb collisions. An alternative approach combines the

864 ISSN 2071-0194. Ukr. J. Phys. 2024. Vol. 69, No. 11



Some Physics of Small Collision Systems

TCM with ensemble-mean 𝑝𝑡 data to determine cen-
trality [13].

A TCM for unidentified hadrons is expressed by

𝜌0(𝑝𝑡, 𝑛𝑠) =
𝑁part

2
𝜌𝑠𝑁𝑁𝑆0(𝑝𝑡)+𝑁bin𝜌ℎ𝑁𝑁 �̂�0(𝑝𝑡) (2)

that includes 𝑁part and 𝑁bin as defined above
and average densities 𝜌𝑥𝑁𝑁 for individual nucleon
pairs. The relation 𝜌ℎ𝑁𝑁 ≈ 𝛼𝜌2𝑠𝑁𝑁 inferred from
data [3] is of fundamental importance. Given that
spectrum model the integrated total 𝑝𝑡 within some
angular acceptance is

𝑃𝑡 =
𝑁part

2
𝑛𝑠𝑁𝑁𝑝𝑡𝑠 +𝑁bin𝑛ℎ𝑁𝑁𝑝𝑡ℎ, (3)

where 𝑝𝑡𝑥 are determined by model functions �̂�0(𝑝𝑡).
It is conventional to divide total 𝑃𝑡 by total 𝑛ch within
the angular acceptance to calculate 𝑝𝑡. However, sim-
plification arises if only the soft component of 𝑛ch is
divided:

𝑃𝑡

𝑛𝑠
= 𝑝𝑡𝑠 + 𝑥(𝑛𝑠)𝜈(𝑛𝑠)𝑝𝑡ℎ, (4)

where soft multiplicity 𝑛𝑠 = (𝑁part/2)𝑛𝑠𝑁𝑁 serves
also as an event-class index. Given those relations it
follows that 𝑁part/2 = 𝛼𝜌𝑠/𝑥(𝑛𝑠), 𝑁part = 𝑁bin +
+1 and 𝜈 ≡ 2𝑁bin/𝑁part ≤ 2 completely defines 𝑝-A
centrality.

Figure 3, a shows ensemble-mean 𝑝𝑡 data for 5 TeV
𝑝-Pb collisions (boxes) [15]. The dashed line repre-
sents corresponding 𝑝-𝑝 data based on Eq. (4) with
𝜈 = 1 and 𝑥(𝑛𝑠) ≡ 𝜌ℎ𝑁𝑁/𝜌𝑠𝑁𝑁 ≈ 𝛼𝜌𝑠𝑁𝑁 → 𝛼𝜌𝑠.
The 𝑝-Pb data follow that trend up to a transition
point designated by 𝜌𝑠0. Beyond that point, 𝑝𝑡 in-
creases with reduced slope, the combination suggest-
ing a complete model for 𝑥(𝑛𝑠).

Figure 3, b shows the 𝑥(𝑛𝑠) model inferred from
𝑝𝑡 data. 𝑥(𝑛𝑠) follows the 𝑝-N trend 𝛼𝜌𝑠 up to tran-
sition point 𝜌𝑠0 and then continues linearly with re-
duced slope (factor 𝑚0) beyond that point. The solid
TCM curve at left corresponds to 𝜌𝑠0 = 15 and
𝑚0 = 0.10. 𝑝𝑡 data are thus described within point-
to-point uncertainties [16].

Figure 4, a provides a direct comparison between
the TCM result and a classical Glauber approach
as described in Ref. [12] that assumes 𝑁part ∝ 𝑛ch

(dashed line) with published 𝑁part values given by the
solid points. The TCM analysis in contrast leads to

a b
Fig. 3. Ensemble-mean 𝑝𝑡 data (points) from 5 TeV 𝑝-Pb
collisions as in Ref. [15] vs soft charge density 𝜌𝑠 = 𝑛𝑠/Δ𝜂.
The dashed line represents 𝑝-𝑝 data increasing ∝ 𝜌𝑠 above 𝑝𝑡𝑠
(a). The solid curve is the TCM described by Eq. (4). N-N
hard/soft ratio 𝑥(𝑛𝑠) corresponding to the TCM curve at left
with parameters 𝜌0𝑠 = 15 and 𝑚0 = 0.10 (b)

the solid curve consistent with 𝑥(𝑛𝑠) described by the
solid curve in Fig. 3, b. It is notable that the Glauber
description terminates at 𝜌0 ≈ 45 whereas the 𝑝𝑡
data and TCM description extend out to 𝜌0 ≈ 115
(hatched bands).

Figure 4, b illustrates the consequences of the two
approaches. The assumption 𝑁part ∝ 𝑛ch implies that
N-N multiplicities 𝑛𝑥𝑁𝑁 do not vary with central-
ity. In that case 𝑥(𝑛𝑠) is a fixed quantity in Eq. (4)
and only 𝜈(𝑛𝑠) may vary. But that quantity has an
upper bound of 2 for 𝑝-A collisions. The trend for
conventional 𝑃𝑡/𝑛ch is therefore the solid points in
the right panel strongly disagreeing with data (open
squares). The source of the large difference has to do
with nuclear exclusivity.

Figure 5, a shows one event from a Glauber Monte
Carlo where the large circle is a Pb nucleus and a
projectile proton is incident with zero impact param-
eter. Each small circle is a 𝑝-N encounter that might
be counted as a collision according to the eikonal ap-
proximation. Experimental evidence, however, sug-
gests that the projectile proton interacts with one
nucleon at a time (bold circles).

Figure 5, b shows cross section distributions on
𝑁part from Glauber simulations with (solid) and with-
out (dash-dotted) exclusivity imposed. Those trends
in turn correspond to solid and dash-dotted curves
in Fig. 4, b. 𝑝𝑡 data thus require exclusivity as does
the measured trend 𝜌ℎ𝑁𝑁 ≈ 𝛼𝜌2𝑠𝑁𝑁 . The result cor-
responding to the eikonal approximation would be
𝜌ℎ𝑁𝑁 ≈ 𝛼𝜌

4/3
𝑠𝑁𝑁 .
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a b
Fig. 4. Number of nucleon participant pairs 𝑁part/2 vs charge
density 𝜌0 = 𝑛ch/Δ𝜂 for the TCM (solid) and as inferred in
Ref. [12] for the Glauber model (dashed line and solid dots) (a).
Hatched bands indicate limits of corresponding trends. Results
from Fig. 4, a plotted vs 𝜌0 (solid, dashed, open points) and
𝑝𝑡 values (solid points, dash-dotted curve) predicted by the
Glauber trend (solid points at left) (b)

a b
Fig. 5. Glauber Monte Carlo event for proton projectile at
𝑏 = 0 incident on Pb nucleus (large circle) (a). Small circles
are 𝑝-N encounters. Bold circles are encounters that count
as inelastic collisions according to an exclusivity requirement.
Monte Carlo differential cross sections on participant number
𝑁part for TCM (solid) and Glauber (dash-dotted) (b)

a b
Fig. 6. Spectrum hard components for charged kaons (a) and
protons (b) from 5 TeV 𝑝-Pb collisions for data (points) and
TCM (curves) as reported in Ref. [17]. Arrows indicate TCM
model shifts with increasing event centrality

The trend for ensemble-mean 𝑝𝑡 data is critical to
𝑝-Pb centrality determination because of the struc-
ture of Eq. (4): 𝑝𝑡 data variation above the soft mean
𝑝𝑡𝑠 is a direct measure of jet production and hard/soft
ratio 𝑥(𝑛𝑠)𝜈(𝑛𝑠). The relevant algebra is empirically
derived from 𝑝𝑡 spectra [3], not based on physical as-
sumptions.

4. Nuclear Modification Factors

Nuclear modification factors (NMFs) are rescaled
spectrum ratios intended to reveal jet modification
that could arise from the formation of a dense medium
(i.e., QGP) in high-energy nuclear collisions. Certain
NMF trends might then serve to indicate the presence
of a QGP. Before discussing NMFs it is informative
to consider spectrum hard components revealed by
TCM analysis.

Figure 6 shows spectrum hard components (points)
for charged kaons (a) and protons (b) from 5 TeV
𝑝-Pb collisions as reported in Ref. [17]. The curves
show the corresponding TCM that describes data
within point-to-point uncertainties (with the excep-
tion of the most peripheral kaon spectra). Systematic
variation with increasing centrality is indicated by the
arrows. Note that meson and baryon trends are typ-
ically qualitatively different. Hard components pre-
sented in this way carry all available information on
jet contributions to hadron spectra including any “jet
modifications”.

NMFs are conventionally defined as

𝑅𝑝Pb =
𝜌0pPb(𝑝𝑡, 𝑛𝑠)

𝑁bin 𝜌0pp(𝑝𝑡, 𝑛𝑠)
, (5)

but given the issue with determination of 𝑁bin noted
in the previous section interpretation of NMFs so de-
fined may be problematic. It is informative to exam-
ine unrescaled spectrum ratios (denoted by 𝑅′

pPb) in
detail

𝑅′
𝑝Pb=

𝑧𝑠𝑖(𝑛𝑠)𝜌𝑠𝑆0𝑖(𝑝𝑡) + 𝑧ℎ𝑖(𝑛𝑠)𝜌ℎ�̂�0𝑖𝑝Pb(𝑝𝑡, 𝑛𝑠)

𝑧𝑠𝑖𝑝𝑝𝜌𝑠𝑝𝑝𝑆0𝑖(𝑝𝑡) + 𝑧ℎ𝑖𝑝𝑝𝜌ℎ𝑝𝑝�̂�0𝑖𝑝𝑝(𝑝𝑡)
→

→ 𝑧𝑠𝑖(𝑛𝑠)(𝑁part/2)𝜌𝑠𝑁𝑁𝑆0𝑖𝑝𝑃𝑏(𝑝𝑡)

𝑧𝑠𝑖𝑝𝑝𝜌𝑠𝑝𝑝𝑆0𝑖𝑝𝑝(𝑝𝑡)
for low 𝑝𝑡 →

→ 𝑧ℎ𝑖(𝑛𝑠)𝑁bin𝜌ℎ𝑁𝑁 �̂�0𝑖𝑝Pb(𝑝𝑡, 𝑛𝑠)

𝑧ℎ𝑖𝑝𝑝𝜌ℎ𝑝𝑝�̂�0𝑖𝑝𝑝(𝑝𝑡)
for high 𝑝𝑡, (6)

Figure 7 shows spectrum ratios 𝑅′
𝑝Pb (points) for

kaons (a) and protons (b) from 5 TeV 𝑝-Pb collisions
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as reported in Ref. [17]. Solid curves are the corre-
sponding TCM. Reference spectra in the denomina-
tor of 𝑅′

𝑝Pb are in this case the TCM for the most
peripheral event class rather than 𝑝-𝑝 spectra. It is of
further interest to see how the detailed structure of
Eq. (6) affects 𝑅′

𝑝Pb.
In the low-𝑝𝑡 limit model functions 𝑆0𝑖𝑥 always can-

cel as a manifestation of nuclear transparency [18]:
projectile-nucleon dissociation (and hence 𝑆0𝑖) is in-
sensitive to the collision process. According to the
assumption 𝑁part ∝ 𝑛ch in Ref. [12] densities 𝜌𝑠𝑥
must be independent of centrality and, thus, also can-
cel. The factors 𝑧𝑠𝑖 are 𝑂(1) and may be ignored here
for the sake of argument. In what follows the hard-
component model functions are held fixed and thus
also cancel in the high-𝑝𝑡 limit. What remain then
are 𝑁part/2 at low 𝑝𝑡 and 𝑁bin at high 𝑝𝑡.

Figure 8 shows TCM 𝑅′
𝑝Pb curves with hard com-

ponents �̂�0𝑖 held fixed. The high-𝑝𝑡 to low-𝑝𝑡 ratio
for 𝑛 = 1 protons is greater than 10, but the corre-
sponding ratio for 𝑅′

𝑝Pb is 2𝑁bin/𝑁part ≡ 𝜈 ≤ 2. The
contradiction arises from the assumption 𝑁part ∝ 𝑛ch;
in fact N-N charge densities vary strongly with 𝑝-Pb
centrality, hard components especially so because of
relation 𝜌ℎ𝑁𝑁 ≈ 𝛼𝜌2𝑠𝑁𝑁 .

The open points correspond to the ratio of NSD
𝑝-Pb spectra to minimum-bias 𝑝-𝑝 spectra as reported
in Ref. [19]. At lower 𝑝𝑡 the ratios correspond to
𝑝-Pb event class 𝑛 = 5. The dashed lines correspond
to Glauber estimate 𝑁bin ≈ 6.5 (see the third solid
point in Fig. 4, a) which seems to correspond in turn
with 𝑅′

𝑝Pb, for kaons at least, and thus to 𝑅𝑝Pb ≈ 1
at higher 𝑝𝑡. However, the correct value of 𝑁bin for
that event class, derived from 𝑝𝑡 data as described in
Sec. 3, is 1.3. The numerical agreement in that par-
ticular case is thus accidental, and the approach fails
dramatically for other event classes.

The only difference between TCM curves in Figs. 7
and 8 is the hard-component models maintained fixed
in the latter case. The source of the difference is sim-
ply determined by the data in Fig. 6. Small shifts in
the widths of hard components coupled to steeply-
falling 𝑝𝑡 dependence lead to large changes in spec-
trum ratios Fig. 7. The latter figure by itself can-
not reveal what the causes are, whereas the differen-
tial hard components in Fig. 6 show the small width
shifts that are suitable subjects for further study in a
QCD context. Note that kaon ratios are flat above

a b
Fig. 7. Spectrum ratios 𝑅′

𝑝Pb for charged kaons (a) and pro-
tons (b) and for data (points) and TCM (curves) from 5 TeV
𝑝-Pb collisions. The reference spectra (denominators) are TCM
peripheral (𝑛 = 7) spectra

a b
Fig. 8. TCM 𝑅′

𝑝Pb model curves for charged kaons (a) and
protons (b) from 5 TeV 𝑝-Pb collisions. Hard-component mod-
els �̂�0(𝑝𝑡) in Eq. 6 are here held fixed independent of centrality.
The points are explained in the text

𝑦𝑡 = 3.5 because the shifts in Fig. 6, a do not
vary with centrality, while the sharply-peaked struc-
ture for protons arises from the opposing shifts in
Fig. 6, b. The same sharp peak is seen in 𝑝/𝜋 spec-
trum ratios where it is typically attributed to radial
flow. Ratios tend to discard critical information lead-
ing to results that are uninterpretable. For full access
to data information the factorization inherent in the
TCM is essential.

5. Strangeness Enhancement

One of the earliest proposed indicators for forma-
tion of a QGP in high-energy nuclear collisions
was strangeness enhancement [20] expected to fol-
low from quark deconfinement in a hot and dense
medium. While strangeness enhancement was report-
edly observed in Au–Au collisions at RHIC, within
the past ten years strangeness enhancement has
been claimed as well for 𝑝-Pb collisions [11] and
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a b
Fig. 9. Ratios 𝑧𝑖(𝑛𝑠) = 𝑧ℎ𝑖/𝑧𝑠𝑖 inferred from 𝑧𝑠𝑖 and 𝑧ℎ𝑖 en-
tries reported in Ref. [6] for charged (solid dots) and neutral
(open circles) hadrons (a). The lines are linear parametriza-
tions 𝑧𝑖 = 𝑧*𝑖 + 𝛿𝑧*𝑖 𝑥(𝑛𝑠)𝜈(𝑛𝑠) that describe the ratio data:
solid, dashed and dotted for pions, kaons and baryons respec-
tively. Coefficients 𝑧*𝑖 and 𝛿𝑧*𝑖 for linear descriptions of ratio
data in the left panel plotted vs hadron mass (b). The lines
represent proportionality to hadron mass. The solid dots are
values inferred in Ref. [6]. Open circles provide linear extrap-
olations on hadron mass for Ξ and Ω in the present study

a b
Fig. 10. PID yield ratios 𝑧0𝑖(𝑛𝑠) ≡ 𝜌0𝑖/𝜌0 vs 𝜌0 based on
13 TeV 𝑝-𝑝 data in Fig. 8 of Ref. [22] (solid dots) and 5 TeV
𝑝-Pb data in Table 4 of Ref. [11] (open circles) which then
represent variable quantity 𝑧0𝑖(𝑛𝑠) in the TCM context (a).
The 𝑝-Pb Omega errors have been doubled to make them vis-
ible. The solid lines are fixed values 𝑧*0𝑖 as reported in the
present study. The hadron species, from the top, are charged
kaons, neutral kaons, Lambdas, Cascades and Omegas. Data
in the left panel plotted vs TCM hard/soft ratio 𝑥(𝑛𝑠)𝜈(𝑛𝑠)

demonstrating statistical equivalence of 𝑝-𝑝 and 𝑝-Pb collision
systems for quantity 𝑧0𝑖(𝑛𝑠) plotted vs 𝑥𝜈 (b)

even 𝑝-𝑝 collisions [21]. In this section the TCM
is used to investigate data trends said to support
such claims.

Equation (1) is the spectrum TCM for identified
hadrons, where 𝜌𝑠𝑖 = 𝑧𝑠𝑖(𝑛𝑠)𝜌𝑠 and 𝜌ℎ𝑖 = 𝑧ℎ𝑖(𝑛𝑠)𝜌ℎ

include fractional abundances 𝑧𝑥𝑖(𝑛𝑠) ≤ 1 defined by

𝑧𝑠𝑖(𝑛𝑠) = 𝑧0𝑖(𝑛𝑠)
1 + 𝑥(𝑛𝑠)𝜈(𝑛𝑠)

1 + 𝑧𝑖(𝑛𝑠)𝑥(𝑛𝑠)𝜈(𝑛𝑠)
,

𝑧ℎ𝑖(𝑛𝑠) = 𝑧𝑖(𝑛𝑠)𝑧𝑠𝑖(𝑛𝑠),

(7)

where 𝑧0𝑖 is the total fractional abundance for hadron
species 𝑖 that may be compared with statistical-
model predictions. Coefficients 𝑧𝑠𝑖(𝑛𝑠) and 𝑧ℎ𝑖(𝑛𝑠)
have been measured for 𝑝-Pb and 𝑝-𝑝 data and de-
fine the TCM in Figs. 1 and 2 that describes data
within statistical uncertainties [9].

Figure 9, a shows hard/soft fraction ratio 𝑧𝑖(𝑛𝑠) =
= 𝑧ℎ𝑖(𝑛𝑠)/𝑧𝑠𝑖(𝑛𝑠) based on the measured frac-
tions. When plotted vs hard/soft ratio 𝑥(𝑛𝑠)𝜈(𝑛𝑠)
data trends are consistent with linear variations for
lighter hadron species.

Figure 9, b shows slopes and intercepts (solid
points) for measured trends at left plotted vs hadron
mass that reveal simple proportionality. The open cir-
cles are the adopted values for the TCM shown in
Figs. 1 and 2. This is one example of lossless data
compression in that 28 parameter values at left are
reduced to two numbers at right that predict Cas-
cade and Omega spectra solely based on hadron
mass. Note that Eq. (7) (first line) extrapolates to
𝑧0𝑖 in the limit 𝑥(𝑛𝑠)𝜈(𝑛𝑠) → 0.

Figure 10, a shows total fractional abundances
𝑧0𝑖 = 𝜌0𝑖/𝜌0 (points) adapted from yield data re-
ported in Refs. [11] and [22]. The bold lines are val-
ues obtained from the present study as described
above. The plot format 𝑧0𝑖(𝑛𝑠) vs 𝜌0 is as preferred
in the cited references wherein 𝑝-𝑝 and 𝑝-Pb trends
seem quite different.

Figure 10, b shows 𝑧0𝑖(𝑛𝑠) plotted vs hard/soft ra-
tio 𝑥(𝑛𝑠)𝜈(𝑛𝑠) in which format the 𝑝-𝑝 and 𝑝-Pb data
appear statistically equivalent. That is another exam-
ple of data compression in that two collision systems
may be described by the same model. In this for-
mat “strangeness enhancement” appears as the signif-
icant positive slope (dashed lines) for Cascades and
Omegas. However, relative to published systematic
errors (doubled in the plot for visibility) the effect
appears at the two-sigma level. Assuming a conven-
tional interpretation for those data the evidence for
QGP formation based on strangeness enhancement is
nevertheless not compelling.

Figure 11, a shows data from Fig. 6 of Ref. [22]
(solid points) wherein integrals of 𝑝𝑡 spectra above
4 GeV/c are shown for 13 TeV 𝑝-𝑝 collisions. The
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data are said to be “self-normalized” resulting in data
clustering as closely as possible. The open circles are
from the same procedure applied to TCM spectra,
and the solid curves are explained below. That figure
contains much more information than is immediately
apparent.

The integrals can be described in a TCM context by

𝐼ℎ𝑖(4GeV/c,∞) ∝ 𝑧ℎ𝑖(𝑛𝑠)𝜌ℎ

∞∫︁
4GeV/c

𝑝𝑡𝑑𝑝𝑡�̂�0𝑖(𝑝𝑡, 𝑛𝑠). (8)

Factor 𝜌ℎ (∼ quadratic trend vs 𝜌0) is extraneous and
can be immediately removed with good effect.

Figure 11, b shows the contents of the left panel
divided by 𝜌ℎ ≈ 𝛼𝜌2𝑠. It is now apparent that the
TCM (open circles) provides a reasonable descrip-
tion of the data integrals (solid points). If the hard-
component model functions are held fixed the result-
ing solid curves are proportional to factor 𝑧ℎ𝑖(𝑛𝑠) in
Eq. (8)
𝑧ℎ𝑖(𝑛𝑠) = 𝑧0𝑖(𝑛𝑠)

{︂
𝑧𝑖(𝑛𝑠)[1 + 𝑥(𝑛𝑠)𝜈(𝑛𝑠)]

1 + 𝑧𝑖(𝑛𝑠)𝑥(𝑛𝑠)𝜈(𝑛𝑠)

}︂
. (9)

Figure 12, a shows the contents of Fig. 11, b di-
vided by the expression in curly brackets above. The
results are then simply proportional to the hard-
component integrals in Eq. (8). The result for each
hadron species has been rescaled to 𝑧0𝑖 values corre-
sponding to that species. The issue here is the relative
variation on 𝑥𝜈. There is no significant variation for
mesons 𝐾0

S but equal substantial variations for three
baryon species. In particular, there is no apparent de-
pendence on strangeness per se. The next question is
how these results at higher 𝑝𝑡 relate to the full 𝑝𝑡
integrals in Fig. 10, b.

Figure 12, b shows trends at low 𝑝𝑡 indicating no
significant variation, presumably because there is no
jet contribution there. The variations in Fig. 10, b
then result from a linear combination of no change
at lower 𝑝𝑡 and Fig. 12, a at higher 𝑝𝑡 (a jet con-
tribution). The result then depends on how “jetty”
a given hadron species is, but that is determined by
𝑧𝑖(𝑛𝑠). From Fig. 9, b 𝑧𝑖(𝑛𝑠) is 0.6 for pions and 10 for
Omegas. Close examination of Fig. 2, d shows that for
most-central data every Omega detected is a jet frag-
ment (lies on the dotted hard-component curve). The
variations in Fig. 10, b (for baryons only) are then
the trends in Fig. 12, a scaled down by 𝑧𝑖(𝑛𝑠): the
𝑧0𝑖(𝑛𝑠) variations are a jet effect having no apparent
correlation with strangeness.

6. CMS Ridge

Figure 13 shows 2D angular correlations for 13 TeV
𝑝-𝑝 collisions reported by the CMS collaboration [23]
for low (a) and high (b) event multiplicity and with a

a b
Fig. 11. High-𝑝𝑡 PID spectrum integrals (𝑝𝑡 > 4 GeV/c)
from 13 TeV 𝑝-𝑝 collisions (solid dots) for four hadron species
as presented in Fig. 6 (top row) of Ref. [22] (a). Open squares
identify Ω data. Open circles and curves are TCM results.
Data and curves in the left panel rescaled by 𝜌ℎ = 𝑥(𝑛𝑠)𝜌𝑠.
Solid dots are data from Ref. [22] (b). Open circles are derived
from TCM spectra (curves) in Fig. 2. Solid curves are TCM
trends with no hard-component shifts on 𝑦𝑡

a b
Fig. 12. Rescaled integrals 𝐼ℎ/𝜌ℎ of Fig. 11, b transformed
according to the curly brackets in Eq. (9) (a). A similar pro-
cedure applied to spectrum integrals over 𝑝𝑡 interval [0,0.5]
GeV/c showing no significant 𝑧0𝑖 variation (b)

a b
Fig. 13. 2D angular correlations for low 𝑛ch (a) and high 𝑛ch

(b) from 13 TeV 𝑝-𝑝 collisions as reported in Ref. [23]

ISSN 2071-0194. Ukr. J. Phys. 2024. Vol. 69, No. 11 869



T.A. Trainor

a b

c d
Fig. 14. Perspective views of 𝑦𝑡-integral 2D angular corre-
lations as Δ𝜌/

√
𝜌ref on (𝜂Δ, 𝜑Δ) from 𝑝-𝑝 collisions at

√
𝑠 =

= 200 GeV for low event multiplicity reported in Ref. [24]:
fit model (a), data histogram (b), fit residuals (vertical sensi-
tivity increased two-fold) (c), jet + NJ quadrupole contribu-
tions obtained by subtracting fitted offset, soft-component and
BEC/electron model elements from the data histograms (d)

a b

c d
Fig. 15. Same as Fig. 14 except for high event multiplicity

𝑝𝑡 cut applied as noted on the panels. The structure of
note is the “ridge” apparent at the azimuth origin on
the two sides of the jet peak at right. That structure

a b

c d
Fig. 16. SS 2D peak volume 𝑉SS2D vs soft density 𝜌𝑠 = 𝑛𝑠/Δ𝜂

(a). AS dipole amplitude 𝐴D vs 𝜌𝑠 (b). NJ quadrupole ampli-
tude 𝐴Q ≡ 𝜌𝑠 𝑣22{2𝐷} vs 𝜌𝑠 (c). Quadrupole/dipole curvature
ratio −𝑘Q/𝑘D vs 𝜌𝑠 and the criterion for a “ridge” (d)

has been interpreted as representing long-range cor-
relations associated with “collectivity” (flow), in this
case apparently in 𝑝-𝑝 collisions. As such it deserves
close attention. A follow-up study of 200 GeV 𝑝-𝑝 col-
lisions was reported in Ref. [24] wherein 2D angular
correlations were studied within a TCM context. The
results are described below.

Figure 14 shows 2D angular correlations for a low-
𝑛ch event class of 200 GeV 𝑝-𝑝 collisions including
(a) TCM fit model, (b) data, (c) fit residuals and
(d) data minus soft and Bose–Einstein (BEC) mod-
els. The quality of the fit is indicated by the fit resid-
uals (c) consistent with Poisson statistics. The soft
component is the broad peak on 𝜂 in (a, b) nearly
independent of azimuth. Other model elements in-
clude a same-side (SS) 2D jet peak, an away-side
(AS) cylindrical dipole (back-to-back jet pairs) and a
cylindrical quadrupole. A Bose–Einstein model com-
ponent is described below.

Figure 15 shows 2D angular correlations for a high-
𝑛ch event class of 200 GeV 𝑝-𝑝 collisions. The pan-
els are as described for Fig. 14. The Bose–Einstein
component is the small 2D exponential atop the
broader same-side 2D jet peak (≈Gaussian) in panel
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(b). Note that the apparent narrowing on azimuth
of the SS 2D jet peak in panel (d) could be mis-
interpreted. The jet peak there has the same shape
as that in Fig. 14, d. The apparent narrowing is
due to a lobe of the quadrupole superposed on the
jet peak, a companion manifestation to reduction
of positive curvature (“ridge”) at the azimuth origin
away from the SS 2D jet peak on 𝜂. Also note the
substantial increased negative curvature on the AS
dipole at 𝜋.

The presence or absence of a “ridge” in Fig. 13 may
be discussed in terms of curvatures on azimuth. The
curvature of the AS dipole is negative (maximum)
at 𝜋 and positive (minimum) at zero. In contrast,
the curvature of a cylindrical quadrupole is negative
(maxima) at both zero and 𝜋. Thus, if a quadrupole
component increases with event 𝑛ch faster than the
AS dipole the AS negative curvature will increase
in magnitude while the positive SS curvature de-
creases as in the right panel. If those trends con-
tinue far enough a SS “ridge” (negative curvature,
maximum) may result as in Fig. 13, b (but note the
much-increased negative curvature of the AS dipole
at 𝜋). Evolution from low 𝑛ch to high 𝑛ch of the CMS
data is thus indicative of a two-lobed quadrupole
structure, not a single-lobed “ridge.” Qualitative dis-
cussion in terms of curvatures cannot replace quanti-
tative analysis of correlation structure in the context
of the TCM.

Figure 16, a shows the volume 𝑉SS2D of the SS
2D jet peak measured as number of correlated pairs
scaled by the number of soft hadrons 𝑛𝑠 plotted vs
𝜌𝑠 = 𝑛𝑠/Δ𝜂. The linear trend indicates that the peak
volume (number of pairs) is ∝ 𝜌2𝑠. Figure 16, b shows
that the same holds true for the amplitude 𝐴D of the
AS dipole.

Figure 16, c shows the amplitude 𝐴Q{2D} (i.e. am-
plitude determined by 2D model fits) of the cylindri-
cal quadrupole plotted on a log-log format and indi-
cating that the quadrupole amplitude (pairs) varies
∝ 𝜌3𝑠. Note that the quadrupole amplitude increases
over three orders of magnitude, and the 𝜌3𝑠 trend ex-
tends down below the non-single-diffractive (NSD)
event class. Previous measurements for peripheral
200 Au–Au collisions (open boxes) agree with the
more-recent 𝑝-𝑝 data.

What physical interpretations can be derived from
these quantitative measurements? First, jet correla-
tions ∝ 𝜌2𝑠 as in Fig. 16, a and b is simply consistent

with the relation 𝜌ℎ ∝ 𝜌2𝑠 derived from 𝑝𝑡 spectra as
in Sec. 3. But 𝜌𝑠 represents hadrons produced by pro-
jectile nucleon dissociation along the beam axis that
may in turn be attributed to low-𝑥 gluons as their
parents. 𝜌ℎ ∝ 𝜌2𝑠 may then be interpreted to in-
dicate that dijets result from two-gluon interactions,
which should not be surprising for minimum-bias jets
near midrapidity. Figure 16, c tells us that the cylin-
drical quadrupole is ∝ 𝜌3𝑠. An analogous argument
then suggests that the quadrupole arises from a three-
gluon interaction and should be studied as a new form
of elementary QCD interaction. Figure 16, d shows
the trend of quadrupole vs dipole curvatures at the
azimuth origin and demonstrates quantitatively how
the two trends on 𝑛𝑠 may lead to a SS “ridge.”

7. Summary

This presentation introduces the following responses
to claims of QGP formation in small collision systems:

With regard to centrality determination for 𝑝-A
collisions, a two-component model (TCM) of hadron
production includes factorization of particle densities
and 𝑝𝑡 dependence for individual components that
make relevant details quantitatively accessible. Mea-
sured values of ensemble-mean 𝑝𝑡 are essential for
correct centrality determination: the 𝑝𝑡 data in ef-
fect determine the contribution from minimum-bias
jets. One result of the method is identification of a
novel phenomenon – exclusivity for individual N-N
collisions: only one N-N collision at a time, already
implicit from previous 𝑝-𝑝 spectrum analysis. The
correspondence with jet production is confirmed by
two-particle correlation analysis (see comments on
“the ridge” below). Incorrect 𝑝-A centrality arising
from classical Glauber analysis causes confusion re-
garding nuclear modification factors. Comparison of
𝑝𝑡 data trends for 𝑝-𝑝, 𝑝-A and A-A collisions is coun-
terintuitive unless analyzed in terms of jet production
and exclusivity.

Nuclear modification factors (NMFs) are expected
to reveal the presence of QGP via jet response to
a dense medium, but the basic definition is prob-
lematic. Rescaling of spectrum ratios by estimated
binary-collision number 𝑁bin is vulnerable to errors
in 𝑝-A centrality determination as noted above. Spec-
trum ratios in turn lead to discard of essential in-
formation making proper interpretation difficult. Re-
lated assumptions such as fixed N-N particle densi-

ISSN 2071-0194. Ukr. J. Phys. 2024. Vol. 69, No. 11 871



T.A. Trainor

ties lead to further difficulties. A limiting case of 𝑝-A
is 𝑝-𝑝 where 𝑁part/2 = 𝑁𝑏𝑖𝑛 = 1, yet spectrum ra-
tios may change dramatically with increasing event
𝑛ch. What should be objects of study are individual
spectrum hard components accessible via the TCM.

Strangeness enhancement as a signal of QGP for-
mation emerged within a context of thermalization,
fireballs and freezeout – hadrochemistry as conceptu-
alized at lower collision energies. That narrative lacks
an essential element of high-energy nuclear collisions:
minimum-bias jet production. The conventional data
presentations associated with strangeness enhance-
ment discard critical information as a matter of con-
firmation bias. Differential analysis via the TCM of
data presented in conventional formats actually re-
veals strong jet contributions that are uncorrelated
with strangeness per se but explain trends attributed
to its enhancement. Similar misinterpretations of jet
phenomena appearing in spectra and angular correla-
tions can be associated with inferences of radial flow
and some aspects of 𝑣2 measurements.

A certain feature of 𝑝-𝑝 angular correlations from
the LHC has been described as “the ridge,” i.e., long-
range (on 𝜂) correlations near zero azimuth inter-
preted to indicate “collectivity” translated in turn
as “flow”. Treatment of data is superficial, based on
apparent curvatures in limited regions of the angu-
lar acceptance. A more complete analysis involving
fits to 2D angular correlations over the entire ac-
ceptance with an established fit model over a range
of event multiplicities reveals critical details. As well
as the “ridge” (negative curvature) at zero azimuth
(same-side) there is greatly increased negative cur-
vature near 𝜋 (away-side). The combination is actu-
ally a cylindrical quadrupole, not a single “ridge”. The
model fits confirm that jet-related correlation struc-
ture increases in amplitude as the square of the
particle-density soft component, consistent with pre-
vious TCM analysis of 𝑝-𝑝 𝑝𝑡 spectra, but that the
amplitude of the quadrupole element (number of
pairs) increases as the cube of the soft density over
three orders of magnitude. Given that minimum-bias
jets are dominated by a two-gluon interaction these
results suggest that the quadrupole arises from a
three-gluon interaction. Instead of a signal of collec-
tive flow the quadrupole structure actually represents
a novel elementary QCD phenomenon.

These four examples demonstrate that analysis
methods which discard a substantial fraction of infor-

mation carried by particle data combined with unjus-
tified assumptions about collision dynamics may lead
to confusion susceptible to confirmation bias. There
is currently no significant evidence to support claims
of QGP formation in small systems and substantial
evidence against.
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ДЕЩО ПРО ФIЗИКУ
ЗIТКНЕННЯ МАЛИХ СИСТЕМ

В останнi роки деякi експериментальнi результати iз зi-
ткнень малих систем на колайдерах RHIC i LHC (напри-
клад, 𝑝-𝑝, d-Au, 𝑝-Pb) були переосмисленi як свiдчення про
утворення в цих процесах щiльного плинного середовища
(кварк-ґлюонної плазми), незважаючи на невеликi об’єми
областi зiткнень. Системи, якi вважалися еталонними для
аналiзу зiткнень бiльш важких ядер (наприклад, холодна
ядерна матерiя), бiльше не вiдiграватимуть такої ролi. В
данiй роботi дослiджуються певнi характеристики експери-
ментальних даних у контекстi двокомпонентної (м’якої +
жорсткої) моделi зiткнення. Конкретнi питання включають
визначення центральностi для зiткнень 𝑝-Pb, iнтерпрета-
цiю (чи нi) ядерних факторiв модифiкацiї, значення твер-
дження про посилення дивностi та iнтерпретацiю “горба”
у зiткненнях 𝑝-𝑝. Результати аналiзу даних для 𝑝-𝑝 i 𝑝-Pb
показують, що зiткнення 𝑝-Pb є простими лiнiйними супер-
позицiями зiткнень 𝑝-N, а зiткнення N-N в малих системах
зазвичай пiдпорядкованi простим логiчним правилам. Про-
те ще можна багато дiзнатися про “базову” КХД у малих
системах на основi покращених методiв аналiзу.

Ключ о в i с л о в а: зiткнення малих систем, кварк-ґлюон-
на плазма, ядернi фактори модифiкацiї, двокомпонентна
модель зiткнень.
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